[Abstract] Reactive oxygen species (ROS) are not only known for their toxic effects on cells, but they also play an important role as second messengers. As such, they control a variety of cellular functions such as proliferation, metabolism, differentiation and apoptosis. Thus, ROS are involved in the regulation of multiple physiological and pathophysiological processes. It is now apparent that there are transient and local changes in ROS in the cell; in so-called 'microdomains' or in specific cellular compartments, which affect signaling events. These ROS hotspots need to be studied in more depth to understand their function and regulation. Therefore, it is necessary to identify and quantify redox signals in single cells with high spatial and temporal resolution. Genetically encoded fluorescence-based protein sensors provide such necessary tools to examine redox-signaling processes. A big advantage of these sensors is the possibility to target them specifically. Mitochondria are essential for energy metabolism and are one of the major sources of ROS in mammalian cells. Therefore, the evaluation of redox potential and ROS production in these organelles is of great interest. Herein, we provide a protocol for the real-time visualization of mitochondrial hydrogen peroxide (H2O2) using the H2O2-specific ratiometric sensor mitoHyPer in adherent mammalian cells.
During the past decade, several groups designed genetically encoded protein sensors to specifically detect H2O2 (Belousov et al., 2006; Gutscher et al., 2009 ). The specificity, reversibility, and sensitivity of these protein sensors make them suitable for real-time visualization of H2O2 under a broad range of physiological conditions and stimulations.
The HyPer and roGFP2-Orp1 sensors are advantageous in particular and can be used in various cell systems (Ermakova et al., 2014 ; Hernandez-Barrera et al., 2013; Gibhardt et al., 2016) . The HyPer sensor is a combination of a circular permutated yellow fluorescent protein (cpYFP), which is inserted in the regulatory domain of the bacterial H2O2 sensing protein OxyR. The oxidation of cysteine199 found on OxyR initiates conformational changes in HyPer. In a reduced state HyPer has two excitation peaks at 420 nm and 500 nm, and one emission peak at 516 nm. Following oxidation, the peak at 420 nm decreases and the peak at 500 nm increases, thus allowing ratiometric measurement of H2O2 (Bilan and Belousov, 2017) . Given that pH fluctuations can also affect the signal from HyPer probes, a mutation at cysteine 199 was introduced to generate a probe named SypHer for monitoring pH, which has the same pH sensitivity but does not react to oxidation (Matlashov et al., 2015; Poburko et al., 2011) . The roGFP probe is based on an engineered GFP containing two cysteine residues capable of forming a disulfide bond (Morgan et al., 2011) . It has two excitation maxima at 400 and 490 nm with the emission around 510 nm; the ratio of these two excitation maxima depends on the state of the disulfide bond. The Here we describe a detailed protocol for the real-time imaging and monitoring of mitochondrial H2O2
with the mitoHyPer sensor. The approach can be performed on different cellular systems with a basic understanding of real-time imaging and fluorescence microscopy; the data analysis procedure depends on the software available. www.bio-protocol.org/e2705 4. The cells are incubated in a humidified cell culture incubator (37 °C, 5% CO2). Change the medium in the transfected wells after 6 h with fresh cell growth medium. Keep the cells in the incubator until ready for imaging (37 °C, 5% CO2), for about 24-48 h.
Materials and Reagents

C. Day 3 or 4: Imaging
Imaging is performed with a Zeiss Cell Observer.Z1 setup with temperature, CO2 controlling unit, gas chamber and perfusion system (Figure 1 ). order to create a small perfusion channel. Then fix the plastic insert (holding the coverslips) with the knobs and place the assembled chamber into the metal imaging chamber (see Figure 2A) . 2. Place the imaging chamber on the microscope stage and attach the solution containing perfusion tubes (to avoid air in the system), on opposite sides of the chamber (as shown in Figure 2B ). Perfuse gently with 2 ml Ringer solution (see Recipes) to wash away detached cells.
Wait for 5 min to reach a CO2 (5 %) and temperature (37 °C) equilibrium before additional handling. 5. At the end of each measurement, a single dose of saturating H2O2 (e.g., 1 mM) should be added as a positive control and to determine the maximal intensity of the sensor (this might be needed for calibrating the system). To detect the fluorescence intensity of a fully reduced sensor (which will indicate if the sensor is already oxidized during resting conditions and provide the minimum value for calibration), we advise adding a reducing agent (e.g., 2 mM DTT) at the end of the experiment.
6. Perform the same imaging procedure with the mitoSypHer sensor as an imaging control, since the HyPer sensor can be affected by changes in pH. 
Data analysis
Analysis with the Axiovision software 
Ratiometric analysis
The ratio kinetic curve is generated with the equation: 
